Hepatitis C virus is a genetically heterogeneous RNA virus that is a major cause of liver disease worldwide. Here, we show that, despite its extensive heterogeneity, the evolution of hepatitis C virus is primarily shaped by negative selection and that numerous coordinated substitutions in the polyprotein can be organized into a scale-free network whose degree of connections between sites follows a power-law distribution. This network shares all major properties with many complex biological and technological networks. The topological structure and hierarchical organization of this network suggest that a small number of amino acid sites exert extensive impact on hepatitis C virus evolution. Nonstructural proteins are enriched for negatively selected sites of high centrality, whereas structural proteins are enriched for positively selected sites located in the periphery of the network. The complex network of coordinated substitutions is an emergent property of genetic systems with implications for evolution, vaccine research, and drug development. In addition to such properties as polymorphism or strength of selection, the epistatic connectivity mapped in the network is important for typing individual sites, proteins, or entire genetic systems. The network topology may help devise molecular intervention strategies for disrupting viral functions or impeding compensatory changes for vaccine escape or drug resistance mutations. Also, it may be used to find new therapeutic targets, as suggested in this study for the NS4A protein, which plays an important role in the network.
H
epatitis C virus (HCV) is a major cause of liver disease worldwide. The global prevalence of HCV infection is estimated to be 2.2%, representing 130 million people (1) . HCV causes chronic infection in 70-85% of infected adults (2) . There is no vaccine against HCV and current antiviral therapy is relatively toxic, being effective in 50-60% of patients treated (3) . HCV is a single-stranded RNA virus of Ϸ9.4 kb belonging to the Flaviviridae family (4) . The positive-sense genome of HCV contains one large ORF that encodes a polyprotein that can undergo proteolytic cleavage into 10 mature proteins (C-E1-E2-P7-NS2-NS3-NS4A-NS4B-NS5A-NS5B). The structural proteins, the core (C) and envelope glycoproteins E1 and E2, are present in the N-terminal part of the polyprotein and presumably self-assemble to form the virion. The nonstructural (NS) proteins have various functions and form the replication complex (5) .
The HCV genome continually mutates during virus replication. Although a high rate of mutation significantly contributes to the enormous adaptability of RNA viruses, it also limits the size of viral genomes by causing error catastrophe (6) . The small size of viral genomes imposes strong evolutionary constraints on their organization, as a result of which each genomic region may encode multiple and often conflicting functions. Such genomic organization requires a tight coordination between the properties of individual viral components, which are subjected to frequent structural changes imposed by numerous mutations. A large number of mutations in tightly organized RNA viral genomes should lead to frequent epistatic interactions between sites. Several experiments have provided strong evidence of extensive epistasis in RNA viruses, confirming that during viral evolution certain substitutions at different sites may occur in a coordinated manner (7) (8) (9) (10) (11) (12) . Experimental studies into the adaptation of genetically modified HCV genomes propagated in cell culture also have shown antagonistic epistatic interactions between deleterious mutations exhibited in the form of compensatory mutations (13) (14) (15) . These results suggest the importance of long-range interactions among HCV constitutive amino acids that place additional constraints on HCV heterogeneity. Understanding the constraints that shape HCV evolution may bring forth new strategies for public health control and clinical treatment of HCV infections. In the present study, we explore coordinated variation among genomic sites under different forces of natural selection on a set of 114 full genome sequences belonging to the 1b subgenotype.
Results and Discussion
Positive and Negative Selection. Positive selection is the process where a new mutant has a fitness value higher than the average preexisting types in the population; thus, its frequency increases in the following generations (16) . Different amino acid sites have diverse biological functions and, therefore, are subject to different types and intensities of selective forces operating on them. An excess of nonsynonymous (amino acid-replacing) substitutions is attributed to positive selection, whereas an excess of synonymous (silent) substitutions is considered to result from negative selection. We calculated maximum likelihood estimates of synonymous and nonsynonymous changes (dS/dN) in each of the 3,010 codon sites of HCV 1b. It was found that HCV 1b evolution is dominated by the effects of negative selection. The dS/dN ratio is very high for all proteins, with a substitution being 4.66 times more likely to be silent than to lead to amino acid change. A total of 1,905 codon sites show evidence of negative selection. There are 833 sites that have a dS/dN ratio not significantly different from 1 (they are referred to as neutral sites for the remainder of this article). Only 60 sites are identified as positively selected (supporting information (SI) Table S1 ). These positively selected sites may play an important role in adaptive evolution of HCV 1b strains. The other 212 sites are conserved. Thus, despite significant observed heterogeneity, changes in HCV genome are severely restricted by negative selection. To understand the underlying mechanisms of these restrictions and further investigate constraints on evolution of HCV 1b strains, we proceeded to analyze the potential coordinated variation between different sites of the HCV 1b polyprotein.
Coordinated Substitutions. Each amino acid in the alignment was transformed by using five factors or patterns of highly associated physicochemical variables and the correlation coefficients between all sites were calculated. This analysis was performed by using 448 polymorphic amino acid sites (14.9% of the total polyprotein, see Methods) located in all 10 proteins. There are 4,323 pairs with a significant correlation at one or more factors (P ϭ 0.0001) that were found among 414 polymorphic sites (92.4% of sites analyzed). The high level of coordination of substitutions in these closely related HCV sequences indicates profound epistasis that affects most of the sites. From the 4,323 significant correlations (links), 17% are links between sites inside the same protein (intraprotein) and 83% are links between sites of different proteins (interprotein). NS5A and NS5B exhibit the highest number of links (20.3% and 19 .1% of all links, respectively), whereas P7 and C show the lowest number of links (1.8% and 1.9%, respectively) (see Fig. S1 A). NS4A also shows a low number of links (3.13%), but the highest average number of links per polymorphic site and the highest level of intraprotein links (see Fig. S1B ).
The set of covariable sites contains 241 neutral sites, 105 negatively and 58 positively selected sites. There are numerous connections between sites under different forces of natural selection. Many links (88.6%) involve neutral sites and 42.2% are between neutral sites alone, suggesting that changes at neutral positions are coordinated as well as at other positions, and that ''neutral'' changes are not independent of positively and negatively selected sites. There are 220 significant correlations between positively and negatively selected sites, indicating a high level of coordination between stabilizing and adaptive evolution. Positively selected sites have only 28 links between each other (1.7% of all possible links between them), which is 3.7 times less than between neutral sites and 2.6 times less than between negatively selected sites. Such distribution of links suggests that positively selected sites are more independent from each other than any other class of sites.
The high number of covariable sites found in HCV 1b suggests that these sites form a network of coordinated substitutions, which we have constructed. This network is an undirected and unweighted graph where a vertex represents a polymorphic HCV amino acid site and an edge (link) is a significant physicochemical correlation between two sites. Five sets of connected sites (components) are found, and one of them is a giant component that includes 404 sites (97.6% of the 414 vertices) and 4,317 links (99.9% of all of the significant links). We analyzed this component with the tools of network theory to understand the local and global topology of the HCV network of coordinated substitutions (hereafter called the HCV network).
HCV Network Is Scale-Free. The simplest local characteristic of a vertex is the degree, k, the total number of its links. In most complex networks, the degree follows a power-law distribution, P(k) Ϸ k Ϫ␥ and such networks are called scale-free (17) . The degree in the HCV network also follows a power-law distribution with ␥ ϭ 2.27 (Fig. 1A) . The average degree is 21.37 and the maximum is 115 at site 887 located in NS2 (NS2887). Most of the sites in the HCV network have a very low number of links with other sites and a small fraction of sites (hubs) have a high number of links. Recent studies used information theory to identify nonconserved coevolving sites in multiple sequence alignments from a variety of protein families and found that coevolving sites in these alignments fall into two general categories (23, 24) . One set is composed of sites that coevolve with only one or two other sites, often displaying direct amino acid side-chain interactions with their coevolving partner. The other set comprises sites that coevolve with many others and are frequently located in regions critical for protein function, such as active sites and surfaces involved in molecular interactions and recognition. The hubs of the HCV network are sites where amino acid changes affect many other sites in the HCV polyprotein and, therefore, could play a very important role in determining viral functions and HCV evolution.
HCV Network Is a Small World.
A ubiquitous characteristic of complex networks is the so-called small-world property. In simple terms, it means that there is a relatively short path between any two vertices despite the large size of the network (25) . The HCV network has a low average shortest path between every pair of vertices (2.91) and a low diameter (maximum distance between two vertices being only 9). There is a high level of coordination between substitutions in the HCV 1b polyprotein, and very different regions of this polyprotein can be connected through a very small number of intermediary sites. The Clustering coefficient (26) (Cc) of each vertex was calculated. The Cc is the ratio of the number of links between the nearest neighbors of a vertex and the number of links they could have if they were a fully connected subgraph (clique). The HCV complex network has a high local structure, with an average Cc of 0.2894, more than five times higher than the average Cc of a random network with the same number of vertices and average degree (Cc ϭ 0.0529). The number of cliques found in the HCV network was compared with the number of cliques found in randomly rewired graphs (Fig. 1B) . There are many cliques of size 3 to 6 in the randomly rewired graphs, and bigger cliques are very rare. There is a significant enrichment of cliques in the HCV network, with 2,219 cliques of size 7 or more (P ϭ 0.00001). The HCV network cliques can be viewed as tightly coordinated units of functionally or structurally connected sites.
HCV Network Has a Rich Club. Some complex networks show the so-called rich-club phenomenon where the vertices with a high degree (hubs) form a tightly interconnected community (20, 27) . The rich-club coefficient (Rc) gives the ratio between the number of existing connections among vertices with high degree and the number of connections that they could have if they were a clique (28) . Fig. 1C illustrates that the HCV network shows a significant rich-club phenomenon. We can identify a set of 23 hubs that form a clique involved in 24.2% of all links in the network. This set of hubs has an Rc value that is 3.38 times higher than expected in random networks with the same number of vertices and degree distribution (P ϭ 0.0001). The sites in the rich-club are pivotal to the HCV network and can be an important starting point for the functional mapping of inter-and intraprotein relationships.
Topological Robustness of the HCV Network. The computational analysis of complex networks indicates a strong correlation between robustness and network topology (25) . In particular, scale-free networks display an unexpected degree of robustness (29) . To evaluate topological robustness of the HCV network, we have analyzed changes in global connection efficiency by using random removal of nodes and removal of nodes with the highest centrality (Fig. 1D ). Similar to many other scale-free networks, the HCV network was found to be very robust to random node failure but vulnerable to attacks at hubs with high centrality. The removal of only 14.4% of high-centrality nodes decreases the efficiency of the network to half its original value. The importance of some sites in maintaining network connectivity offers an opportunity for the development of new methods to reduce HCV viability.
Hierarchical Structure of the HCV Network. The HCV network is assortative. The correlation between the degrees of vertices connected by a link is r ϭ 0.4072 (P ϭ 0.0001). This means that extensively connected sites in the HCV network attach preferentially to other extensively connected sites whereas scarcely connected sites attach preferentially to other scarcely connected sites. To further analyze the HCV network organization, we used the k-shell decomposition method to disentangle the hierarchical structure of the network (30) . The process is started by removing all vertices with only one connection (k ϭ 1), repeating until no such vertices remain, and assigning all the removed vertices to the 1-shell. The process continues by increasing k until all vertices in the graph have been assigned to one of the shells. k-shell decomposition can uncover several topological and hierarchical properties of large-scale networks in a twodimensional layout (Fig. 2) . We can divide the HCV network in two subgraphs: a nucleus and crust. At the highest shell (no. 36) we find the nucleus of the network. It comprises 45 almost fully interconnected sites (Cc ϭ 0.9592) that include all 23 members of the rich club (see Fig. S2 ). The nucleus contains highly connected sites whose links are globally distributed. These sites are involved in 40% of all links of the network, of which 54.7% are links to other sites inside of the nucleus and 45.3% to sites in the crust. The crust is defined as the union of all shells with value 1 to 35, which involve 359 sites (89% of all sites in the network). Interestingly, even though the nucleus is responsible for the global connectivity, if we remove it from the network, the crust still forms a very large connected component of 97.8% of the remaining vertices. The HCV sites are not uniformly distributed among k-shells of the network, with almost 54.4% of sites being in shells 1-7 and 11.1% in the nucleus (see Fig. S3 A and B) . The first shell contains 14.4% of all sites. Shells 8-35 are poorly populated. Each one of these shells contains on average only 1.2% of all sites. The sites from outer shells should have a limited global effect on the network given their low number of links. Sites in the nucleus, however, should exert a profound effect on the network because of their large number of links and high centrality. The structure of the network suggests that the nucleus plays an important global role in the coordination of substitutions in the HCV polyprotein and, consequently, in HCV functional organization and evolution.
The hierarchical structure of the HCV network suggests disparity in the global effects of different sites on HCV evolution. Thus, negatively or positively selected sites found in the nucleus may have a more global effect on the HCV evolution than peripherally located sites under the same forces of natural selection. This distribution of sites in the network indicates that there are different types of positive and negative selection depending on the epistatic connectivity. The presence of neutral sites among the large hubs at the nucleus of the network suggests that the concept of neutrality cannot be applied with certainty in viral evolution. These sites seem to change randomly but their variation has a strong global effect on HCV evolution. All neutral sites in the nucleus are constrained by influences from sites under strong forces of positive and negative selection. We may speculate that neutral sites ''buffer'' these forces to sustain serviceable viral functions. The fact that Ϸ90% of neutral sites in the network have a straight link to positive and/or negative sites suggests that neutral sites may still be selected to mediate effects caused by substitutions at directly selected sites. It should be noted that there is a small fraction of neutral covariable sites that have no straight links to positive or negative sites, which implies that some neutral sites vary stochastically as a group. However, taking into consideration the small-world property, it seems that all neutral sites in the network are under some degree of influence from the directly selected sites.
The finding of positively selected sites in the nucleus is intriguing. There is a potential functional disparity between positively selected sites because a majority of these sites is located in the outer shells of the network and most probably have a more peripheral role in HCV adaptive evolution. The entire network contains 14.4% of positively selected sites. The nucleus, however, contains 3.2 times less positively selected sites than the outer shell, which seems to suggest a limited role of the nucleus in adaptive evolution. Only two positively selected sites (E1210 and NS31384) are found in the nucleus of the HCV network. Both sites are large hubs that have links with 105 densely connected sites located in all 10 proteins. Assuming that the substitution paths of positively selected sites are driven by host-selective pressures, these two positively selected sites with a high centrality in the HCV network should play a prominent global role in HCV adaptive evolution. The structural proteins also show the lowest percentages of sites located in the nucleus and the highest levels of positive selection (Fig. 3B) . The highest k-shell value is found in NS4A; NS4A, NS3, and NS4B are the proteins with the highest levels of negative selection. Few sites in these two proteins are free to vary without deleterious consequences, thus decreasing the range of tolerated substitutions. Fig. 3C shows a scatter plot of HCV proteins, comparing the percentage of sites in the nucleus with the average dS/dN. The HCV structural and nonstructural proteins are clearly separated from each other indicating differences in natural selection forces and global network influences between these two groups of proteins.
Constraints on the Hypervariable Region 1 (HVR1).
The region with the lowest average k-shell value is located in the C terminus of E1 and the N terminus of E2 including HVR1 (Fig. 3A) . HVR1 contains the highest number of positively selected sites (11 sites), confirming its important role in HCV adaptive evolution and survival. However, the presence of five negatively selected sites is consistent with strong selective constraints previously found on HVR1 heterogeneity (32) (33) (34) . There are 135 links involving 22 sites in the HVR1 and 86 sites distributed in all HCV proteins. The sites in the HVR1 are mostly in the periphery of the network (average k-shell value, 5.1818; standard deviation, 5.7622) suggesting a very limited global influence of these mutations on HCV evolution. However, there are 54 links between HVR1 sites and sites in the nucleus of the network. The connections with sites of high centrality are indicative of additional strong constraints on HVR1 evolution imposed by many highly connected sites located in different regions of the HCV polyprotein. There are five links involving eight different sites inside the HVR1 (see Fig. S4 ). Changes in the HVR1 are correlated in a way that contributes to the invariance of the integral physicochemical characteristics of HVR1, keeping constant the polarity (P ϭ 0.0001) and size of the segment (P ϭ 0.0001). The high number of coordinated substitutions and their contribution to the integrity of these physicochemical properties provide an additional proof to conservation of conformational motifs in the HVR1, for which there is some experimental evidence (35) .
High Centrality of NS4A. NS4A is a key regulator of the essential serine protease and RNA helicase activities of the NS3-4A complex (36) and a determinant of NS5A phosphorylation and HCV replicase activity (37) . Our study identifies NS4A as the protein with the highest average number of links per polymorphic site, intraprotein links, and average centrality in the network, and the second-highest level of negative selection. These results suggest an important role for this small protein in the HCV life cycle, revealing that it is an ideal target molecule for HCV therapy. The central position of NS4A in the network encourages a fine mapping of some of its links with other nonstructural proteins. Fig. 4 shows the first 28 N-terminal aa of NS3 involved in the molecular interaction with its NS4A cofactor, positions 2135-2139 of NS5A, which are important for NS4A-dependent phosphorylation (38) . Some of the sites of NS3 and NS5A involved in these molecular interactions also have links with some of the sites of NS4A, forming a subnetwork of coordinated substitutions. This subnetwork is in agreement with the results of a recent experimental study (15) that found that substitutions in NS4A lead to decreased replication and NS5A hyperphosphorylation and that compensatory mutations in NS3 and NS5A suppress these defects.
Conclusions. One of the main reasons for the popularity of complex networks is their flexibility and generality in representing virtually any natural structure. Each complex network presents specific topological features that characterize its connectivity and highly influence the dynamics of processes executed on that network. The HCV network of coordinated substitutions has a topology with some key characteristics also identified in biological, technological, and social complex networks, enhancing the sense of unity underlying the structure and dynamics of optimized systems.
In addition to genetic heterogeneity and natural selection, epistatic connectivity mapped in the scale-free network is an important property for the characterization of sites or proteins and may be used for typing genetic systems. We have found that each HCV protein has regions of low and high centrality in the network. However, a general trend is that the sites of nonstructural proteins are located in more central regions of the HCV network than the sites of structural proteins. These findings suggest that, as a result of intragenomic coordination of substitutions over all proteins through their association to the nucleus, the coordinated changes in some critical sites of the viral replication complex may be responsible for directing long-term HCV evolution. Considering that the sites of structural proteins have a high level of positive selection and are preferentially located toward the periphery of the HCV network, substitutions in structural proteins probably have a low probability of directing viral evolution in the long term but may be responsible for fast adaptation to the host.
The complex coordination of substitutions shown in this viral network is an emergent property of genetic systems with many implications for the understanding of their robustness and evolvability. Our analysis suggests that the network is very tolerant to random point mutations. A very small number of high-degree positions exert a strong global impact on the state of the entire genetic system and mutations at such positions may direct viral evolution to a different path, for example, under immune selection pressure. Therefore, these important network positions may be used as targets for vaccines or drugs. Mapping epistatic connectivity between sites offers an insight into the mechanics of compensatory changes and may help in devising molecular strategies to effectively disrupt a large number of viral functions and/or hamper occurrence of viral compensatory mutations that may moderate fitness cost for vaccine escape or drug resistance mutations. Additionally, such a network analysis may help discover new targets for therapeutic interventions, similar to the HCV NS4A protein, the network importance of which was shown in this study.
Methods
Sequences, Alignment, and Selection. Please see SI Text for the GenBank accession numbers of the 114 HCV 1b complete genome sequences used in this research. The HCV sequences were aligned by using ClustalW (39) . The detection of selection was performed with the Single-Likelihood Ancestor Counting (SLAC) algorithm implemented in the program HyPhy (40) .
Coordinated Substitutions. Each amino acid in the 114 HCV sequences was transformed into a string of values at five physicochemical factors created by factor analysis of 494 amino acid properties (41, 42) . A modified version of a recent algorithm (43) was used to calculate the correlation between the physicochemical values of HCV amino acid sites. To test whether a correlation value reflects a significant association (possibly because of structural and functional constraints), or results from evolutionary history and stochastic events (background covariation) we followed several guidelines. In brief, we conducted a permutation test by using 10,000 randomizations, the phylogenetic sequence weighting (44, 45) , a background correlation threshold (24) , and False Discovery Rate calculations (46) . The analysis was performed by using only 448 polymorphic amino acid sites with an entropy Ͼ0.2370 (10% of the highest amino acid entropy found in HCV). The 448 polymorphic sites include 60 (13.39%) positively selected, 105 (23.44%) negatively selected, and 283 (63.17%) neutral sites. Although the use of highly polymorphic sites potentially increases the probability of finding truly covariable sites (23, 24) , it also disproportionately reduces the number of negatively selected sites included in the analysis because of their limited heterogeneity. Nevertheless, because our goal was to identify the phenomenon of substitution coordination, such a conservative approach to site selection seems justified.
Network. All network analyses of this study were performed by using MATLAB (47) unless stated otherwise. We calculated the degree distribution of the network (18) , Cc of each vertex (26) , the significance of each clique (19) , Rc (28) and its significance (20) , the local and global efficiency of the network (21) and the betweenness centrality of each node (22) . The k-shell decomposition and visualization was performed by using LaNet-vi (31) .
Detailed description of the methods can be found in SI Text. The following files are available on request: the multiple sequence alignment, the SLAC results for 3,010 codons, and the complete list of links, including their correlation values for each physicochemical factor.
